For the past 75 years, vitamin A and its biologically active metabolites, the retinoids, have been the object of intense study in biology and medicine. A large body of evidence demonstrates that these nutrients are essential for normal development and survival of vertebrate embryos, including mammals [1, 2, 3, 4] . In fact, it has been known since the mid-1930s that vitamin A deficiency during pregnancy results in death of the fetus and congenital abnormalities. Similarly, excess dietary intake of vitamin A can also cause teratogenic responses. Among the main targets of both deficiency and excess retinoid-induced teratogenesis are the heart, limbs, craniofacial structures, central nervous system, and the inner ear. Specific malformations are induced in a stage-and dose-dependent manner. Thus, these studies indicate that precise levels and timing of action of vitamin A metabolites are required for normal patterning of embryonic structures. In addition, the discovery of the nuclear receptors for retinoic acid (RA) and other vitamin A derivatives provided a molecular basis to explain how distinct doses of these compounds elicit cell-specific responses via the direct transcriptional activation of a panel of target genes [5] .
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The homeobox genes of the Hox family are among the direct targets of retinoids in both normal and abnormal development [6, 7, 8, 9, 10] . These genes encode for transcription factors that operate at the top of a genetic hierarchy to control patterning of tissues and organs along the main axis of both invertebrate and vertebrate embryos. In recent years, the role of mammalian Hox genes has been investigated using gene targeting in the mouse. For instance, these studies established the involvement of Hox genes in the segmental patterning of the mammalian hindbrain [11] . Hoxa1, in particular, is required for the normal patterning of three hindbrain segments, namely the rhombomeres (r)4, 5, and 6 [12, 13] . The hindbrain is also known to provide inductive signalling for the development of the inner ear [14] . Inner ear structures are critical for the senses of hearing and balance and originate from the otocyst, which is formed adjacent to rhombomeres (r)5 and r6 at early developmental stages. It is therefore not surprising that mutations affecting patterning in the r4-r6 region can also cause profound malformations of inner ear structures. The Hoxa1 targeted ablation, in particular, causes severe alterations of the otic capsule and membranous labyrinth morphogenesis [12] .
As normal inner ear development requires both retinoid activity and Hoxa1 function, we tested the hypothesis that a low dose of exogenous RA, although not sufficient to affect wild type fetus development, could bypass Hoxa1 requirement and prevent the inner ear abnormalities of homozygous mutants. The results of this study were recently reported in Nature Genetics [15] .
We showed that a single maternal oral administration of 5 mg kg -1 RA was not teratogenic when given from 8.0 day post coitum (dpc) onward. Moreover, when mothers were administered this RA dose, the Hoxa1 homozygous mutant fetuses were born with almost normal vestibular and cochlear structures. However, the rescue of inner ear defects was effective only if RA was provided within a certain window during pregnancy, namely between 8.0 and 8.75 dpc. This temporal window corresponds to the early stages of otocyst development and treatment outside this period did not rescue the inner ear phenotype. Thus, the RA response can compensate for the loss of Hoxa1 function, but only when given at the opportune time. We then investigated the molecular response to the RA treatment and identified a molecular mechanism that may be involved in the recovery of inner ear development. Kreisler (kr), a transcription factor, and Fgf3, a signaling molecule, are expressed in r5 and r6 and have also been involved in inner ear patterning [16, 17, 18, 19] . In Hoxa1 homozygous mutant embryos, both kr and Fgf3 expressions are significantly reduced, as well as that of the Hoxa1 direct target Hoxb1 [20] . In Hoxa1 mutants treated at 8.0 dpc, the expression of these three genes was transiently restored. However, in embryos treated at 8.75 dpc only Fgf3 was upregulated, yet the inner ear defects could be still rescued. As Fgf3 signaling from the hindbrain is thought to be essential for inner ear morphogenesis [21] , our data strongly suggest that RA treatment of mutants, if timed correctly, can compensate for Hoxa1 function in activating a Fgf3-dependent signaling pathway, and rescue inner ear development.
This study provides insight into the molecular mechanism through which Hoxa1 may control inner ear development. It also provides further evidence [22] that prenatal supplementation of a nutrient, if given at the appropriate time, can be effective in reversing the developmental abnormalities resulting from a congenital genetic deficiency. It should be noted that, although a correlation exists between high retinoid levels and birth defects in humans, the precise dose at the limit of teratogenicity is still controversial. The U.S. and European Teratology Societies have recommended that overall vitamin A intake during pregnancy should not exceed 8,000 to 10,000 IU/day, to avoid any risk of developmental toxicity [23] . However, consumption during pregnancy of supplemental vitamin A at levels present in multivitamin preparations does not appear to increase the risk for birth defects [1] . It is therefore tempting to speculate that, although caution is still needed in extrapolating results from the mouse to potential treatment in humans, low retinoid levels from dietary intake during gestation might, under some circumstances, have therapeutic effects.
